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of this conflict (Janzen 1977 , Herrera 1982 , Sorensen 1983 , Cipollini and Stiles 1992 . Alternatively, some fruit traits may have evolved independently of seed dispersal mechanisms Eriksson 1993, Eriksson and Ehrlén 1998) . Indeed, secondary metabolites in unripe fruits are often similar to those found throughout their parent plant (Joslyn and Goldstein 1964 , Applebaum and Birk 1979 , Conn 1979 , McKey 1979 , implying little role in seed dispersal.
Secondary metabolites in unripe fruit should protect the immature seeds from predation (Jordano 1987, Cipollini and Levey 1997b) . They are generally thought to be broken down during ripening, so as to promote fruit consumption when the seeds are mature (Garguillo and Stiles 1991) . Most of the empirical evidence for this transformation is based on studies of horticultural fruits (Joslyn and Goldstein 1964 , Palmer 1971 , Peynaud and Ribereau-Gayon 1971 . However, it is difficult to draw conclusions about adaptive significance from domestic species. Only a few studies of wild fruits have produced evidence of a reduction in secondary compounds during ripening Stiles 1993, Barnea et al. 1993) . Furthermore, no previous study has followed the seasonal shifts of secondary metabolites in wild fruits and their influence on seed dispersal and seed predation.
Nevertheless, secondary metabolites are often present in the pulp of ripe fruits (Aoki et al. 1976 , Herrera 1982 , Perera et al. 1984 , Garguillo and Stiles 1991 , Barnea et al. 1993 , where they may deter consumption of fruits by seed dispersers and therefore reduce fitness. Cipollini and Levey (1997b) reviewed non-exclusive hypotheses on adaptive explanations for the presence of secondary metabolites in the pulp of ripe fruits. However, none of these hypotheses has been tested at the intraspecific level, although the raw material for natural selection is based at this level. Remarkably little is known about how much intraspecific variation in fleshy-fruit traits occurring in a given habitat is the result of genetic variation (Obeso and Herrera 1994) .
We tested three hypotheses on the adaptive role of secondary metabolites in ripe fruit pulp at the intraspecific level, both in the field and in the laboratory. Our study system consisted of Mediterranean buckthorn (Rhamnus alaternus), a plant that produces fleshy fruits; emodin, a phenolic compound found in the fruit pulp that is known to influence physiology and behavior of vertebrates and invertebrates (Sherburne 1972 , Trial and Dimond 1979 , Abou-Chaar and Shamlian 1980 , Izhaki 2002 ); yellow-vented bulbul (Pycnonotus xanthopygos), a highly frugivorous bird (Barnea et al. 1991 , Izhaki et al. 1991 and house sparrow (Passer domesticus), a granivorous bird.
The attraction/repulsion hypothesis states that birds are attracted to fruits for their nutritional value but are forced to leave the plant after a short period to avoid ingesting too much of a particular type of secondary compound (Jordano 1988 , Levey and Karasov 1989 , Mack 1990 , Izhaki 1992 , Barnea et al. 1993 , Cipollini and Levey 1997b . This hypothesis assumes that instead of a few long visits, the tree obtains many shorter visits but to be selectively advantageous, this strategy must disperse similar amount of seeds (Cipollini and Levey 1997b, Cipollini 2000) . In this study we tested this assumption, at the intraspecific level, by relating the total fruit removal to secondary compound content. The assumption would be supported if trees with high emodin concentration in their fruit pulp were not associated with lower fruit removal.
The defense trade-off hypothesis assumes that secondary metabolites in ripe fruits are directed primarily toward microbial pathogens and invertebrate pulp and seed predators (Cipollini and Levey 1997b) . The occurrence of secondary metabolites within ripe pulp is hypothesized to be a trade-off between defense from damaging agents and palatability for dispersers (Herrera 1982) . This hypothesis would receive support on the intraspecific level if trees with high emodin concentration in their fruit pulp were associated with lower seed damage and fruit removal.
The directed toxicity hypothesis states that secondary compounds in ripe fruit deter some non-seed-dispersing frugivorous vertebrates but have little or no toxic effect on seed-dispersing frugivores (Janzen 1975, Cipollini and Levey 1997b) . This hypothesis assumes that compounds in fruit can have contrasting effects across consumers. This hypothesis would receive support if house sparrows, a seed predator, were to avoid emodin whereas bulbuls, a legitimate seed disperser, were not deterred by emodin.
Although these three hypotheses focus on the role of emodin in fruit removal, we cannot eliminate the possibility that many other factors may simultaneously be involved in determining fruit selection and removal. Fruit morphological design, nutritional and water content are among factors that affect fruit preference across different fruit species (Johnson et al. 1985 , Izhaki 1992 . From this list of fruit attributes, we chose to test the effect of pulp-to-seed ratio and water content on fruit removal, relative to the effect generated by emodin at the intraspecific level.
In summary, we addressed the following objectives: (1) to follow the changes in emodin concentration in fruit pulp during fruit development and to relate these changes to fruit removal and seed predation; (2) to detect correlations of emodin concentration in ripe fruit pulp with fruit removal and seed predation among buckthorn trees from the same population, hence, addressing the attraction/repulsion hypothesis and the defense trade-off hypothesis; (3) to determine whether emodin reduces the relative attractiveness of fruits to seed predators (house sparrows) more than to seed dispersers (yellow-vented bulbuls), as expected from the directed toxicity hypothesis; and (4) to study whether intraspecific variation in fruit attributes, other than emodin (pulp-to-seed ratio and fruit water content) explain intraspecific variation in fruit removal among buckthorn trees.
Materials and methods

Study system
Mediterranean buckhorn, Rhamnus alaternus (Rhamnaceae), is a native Mediterranean, dioecius, evergreen shrub or tree, 2 -6 m in height. Flowering occurs between February and April, and fleshy fruit appear between April and August. Unripe fruits are green, which turn red, then black when ripe. The phytophagus insect fauna found on R. alaternus in Europe belongs mostly to the orders Lepidoptera and Hemiptera (Malicky et al. 1970 and references within, Herrera 1984) . The genus Rhamnus contains abundant phenolic substances, especially anthraquinones but also tannins and flavonoids (Coskun et al. 1984 , Paya et al. 1986 , Coskun 1992a , b, Abegaz and Peter 1995 . The aboveground parts of R. alaternus contain four anthraquinone aglicones (emodin, chrysophanol, alaterin and physcion); emodin is the most abundant and the only anthraquinone aglicone found in ripe fruits (Abou-Chaar and Shamlian 1980) . Emodin is common in at least six higher plant families (e.g. Rhamnaceae, Liliaceae, Polygonaceae; Evans 1996) and in some Ascomycetes species (Westendorf 1993) . It has several known biological activities (reviewed in Izhaki 2002), including purgative effect on humans (Rauwald 1998) , feeding deterrent to insects and birds (Sherburne 1972, Trial and Dimond 1979) , allelopathy (Nishimura and Mizutani 1995) and antibacterial and antifungal effects (Wang and Chang 1997) .
Yellow-vented bulbuls (Pycnonotus xanthopygos) were used as a model frugivorous bird. Bulbuls belong to the family Pycnonotidae, a major group of frugivores and seed dispersers throughout the Old World (Whitler 1949 , Meinertzhagen 1954 , Moreau 1972 , Izhaki and Safriel 1985 , Izhaki 1986 , Al-Dabbagh et al. 1987 , Lambart 1989 , Izhaki et al. 1991 , Fukui 1995 , Graham et al. 1995 . Yellow-vented bulbuls consume and disperse many fruit species in the Israeli scrubland, including Rhamnus alaternus (Izhaki and Safriel, 1985 , Izhaki 1986 , Barnea et al. 1991 , Izhaki et al. 1991 . They are one of the most important frugivorous birds in the Israeli avifauna (Izhaki 1992) . They also adapt well to captivity.
The house sparrow Passer domesticus (Passeridae), a common granivourous bird, was used as a model seed-predator bird because it has been observed eating buckhorn's fruits and seeds in the field and laboratory (Izhaki, pers. obs.) .
Fruit removal and seed predation
Data were collected at an eastern Mediterranean scrubland near the Oranim campus, Israel (31°40%N, 34°58%E) between March and September 1999 and between April and August 2000. The climate is Mediterranean, with average annual rainfall 550 mm and average daily temperature 17°C. Thirteen fruit-bearing trees were marked in March 1999, and ten trees in April 2000. Eight fruit-bearing branches were marked on each tree. Four branches were enclosed in mesh screen to prevent fruit removal and four were left unscreened and were therefore accessible to seed predators and dispersers. Every 14 days in 1999 and 14-21 days in 2000 during the fruiting season the number of unripe (green and red) and ripe (black) fruits on the marked branches and the number of fallen fruit in the mesh bags were recorded.
The percentage of ripe fruits on a branch was used as a metric of fruit ripening. Fruit removal was calculated as the average number of missing fruit on the unscreened branches minus the average number of fallen fruits from the screened branches relative to the number of fruits found on the branches in the first census, which was prior to any fruit removal. We assumed that most fruits were removed by seed-dispersing frugivores and not by vertebrate seed predators because in our preliminary study: (a) no house sparrows were trapped in mist-netting sessions made during two fruiting seasons near the focal trees, and (b) no rodents were caught beneath the trees in Sherman-trap sessions conducted in the first fruiting season (Tsahar 2001) .
We estimated pre-dispersal seed predation without identifying the damaging agents themselves. However, seed damaging insects on R. alaternus in our region are a leaf-footed bug Gonocerus insidiator (Coreidae) and a straight-snouted weevil Oryxolaemus scabiosus (Brentidae) (Herrera 1982 (Herrera , 1984 . Pre-dispersal seed predation was estimated by sampling 50 ripe fruits on unmarked branches of each individual tree once per month. The fruit were hand-opened and the seeds were cut individually and examined under a stereo zoom microscope to detect pericarp damage made by invertebrate and/or microbial activity. Although this method enabled us to calculate the percentage of damaged fruits each month, it did not allow us to detect when the damaging event took place. Therefore, to relate fruit damage to emodin content during the period when seeds were attacked, we used the data on damaged fruits only for the first fruiting month, when we assumed the damage was done. 
Chemical analysis
Fruits were sampled from each tree every month during both fruiting seasons. Because all ripening stages are simultaneously present, fruit were collected from the most common ripening stage at the time of sampling. The fruits were initially frozen. Pulp and seeds were separated. In 1999, the pulp was kept for two weeks in methanol at 4°C before extraction, whereas in 2000 the separation was done immediately before extraction. Pulp was soaked in cold methanol (95%) at a ratio of 1:10 mg ml − 1 , stirred for 1 h, then filtered under vacuum. This process was repeated four times. The extracted solution was then rotoevaporated to dryness. Using this method only the free emodin (aglicon) was extracted. Although emodin also occurs in pulp as glycoside (Westendorf 1993 ), we did not evaluate the total (aglicon and glycoside) amount of emodin. In a preliminary study we used acidic hydrolysis to break the glycosides and free emodin. We found that 46% ( 917%, s.d., n =3) of the total emodin was free emodin; the remaining 54% were glycosides. Furthermore, in our preliminary study we also analyzed by spectrophotometry (220 nm) the total free anthraquinones in fruit pulp extracted by chloroform according to the methods of Rai and Shok (1981) . We found a significant positive correlation between free emodin and total free anthraquinones (r s =0.94, n =10, PB0.0001). Thus, free emodin in fruit pulp is a good predictor of the total free anthraquinones (emodin, chrysophanol, alaterin and physcion). Concentration of free emodin was determined using HPLC by Migal R&D laboratories (Israel). HPLC conditions were based on Coskun (1992a, b) . Because the length of the period that pulp was stored in methanol before extraction was different between years, we also extracted emodin from the pulp of 16 additional trees, using both of the two methods. The concentration of emodin (presented as mean 9s.e. of fresh weight ×10 − 3 ) was 0.37%9 0.067% in the short extraction (representing the method used in 2000) and 2.75% 91.03% in the long extraction (representing the method used in 1999), a significant difference (Wilcoxon paired t-test, P B 0.05). Therefore we compared relative rather then absolute emodin concentrations between years. This was also the reason that we could not combine the data on emodin concentration across the two years and analyzed them together. Emodin concentration is expressed as a percentage of wet mass as we did not measure its dry basis in 2000. In order to find out whether the observed temporal pattern of emodin concentration (wet basis) that was found was a byproduct of water loss, we analyzed emodin concentration in 1999 on dry basis as well. This analysis gave the same pattern that was found in wet basis. We also correlated emodin concentration on dry and wet mass bases during 1999 fruiting season. The correlation was significant (r s = 0.88, PB 0.00001, n =59), indicating that the same pattern of changing in emodin concentration is found in both analytic methods.
Water content and pulp-to-seed ratio
We measured water content and pulp-to-seed ratio of approximately 50 fruits per tree once each month. The fruits were separated to pulp and seeds and dried at 60°C to constant mass to calculate water content from the mass lost. Pulp-to-seed ratio was calculated as the ratio between pulp and seed dry mass.
The effect of emodin on food choice by bulbuls and house sparrows
Bulbuls and house sparrows were captured with mist nets. Bulbuls were kept individually in cages (100 × 80×40 cm) indoors at 25°C, with artificial lighting (12 h photoperiod) in addition to sunlight, which entered through room windows. Maintenance food consisted of domestic fruits (apples, pears, tomatoes, peaches, grapes) and cooked eggs. House sparrows were kept individually in cages (40 ×30×30 cm) exposed to natural light and temperature conditions. They were fed on mixed grains and eggs. Water was provided ad libitum for both species.
Feeding trails were conducted with artificial fruits made from a banana-based synthetic diet (Denslow et al. 1987 ) with three different emodin concentrations. In the bulbul trial (n =12) we used 0.001% and 0.002% emodin (fresh mass) and control (without emodin). We chose these concentrations because they are within the range of intraspecific variation in ripe buckthorn fruits. In the first trial with house sparrows (n = 12), we used the same emodin concentrations as with the bulbuls. In the second trial (n =11) we used 0.005%, 0.01%, and control. To prepare artificial fruits, emodin (Sigma, Cat. No. cE7881) was dissolved in 5 ml cold ethanol (95%) and mixed into 1 kg artificial food. Ethanol (5 ml) was also injected into control fruits (without emodin). Artificial fruits were placed in two weighed petri dishes in the center of the cage. The right-left position of the food types was alternated across trials. Food was presented after a short period of starvation (30 min for bulbuls, 45 min for sparrows). The feeding trial lasted 20 min for bulbuls and 45 min for sparrows. Food consumption was determined by reweighing the petri dishes at the end of the trial. We controlled for food mass losses due to evaporation by placing petri dishes with food outside the cages in parallel with the experiments. Trials were conducted for three days between 07:00 and 13:00. In each trial the bird was presented with two food types (pairwise combination) of the three possible food types. We preferred the paired-choice feeding trial design as it is a compromise between multiple-choice tests (which exacerbate preferences and may suffer from lack of independence but stimulate the natural situation) and single-choice tests (which often underestimate preferences and the animal dose not have a choice) (Manly 1993) . Every day each bird was offered all three pairwise combinations in a different order. In all, each bird was exposed to each of the three pairwise combinations three times. We calculated the average food consumption for each of the three food types in every pairwise combination.
Statistical analysis
Non-parametric Spearman correlation tests were used to determine the relationship between emodin concentration (average concentration for the season, lowest concentration, concentration in the month when removal rate was highest) and final fruit removal. Spearman rank correlations (r s ) were also used to assess the relationship between emodin concentration and seed removal and seed damage rates between the two years. Pearson correlation tests were performed between arcsine transformed emodin concentration in the fruit pulp and 1/x 2 transformed seed damage rate. Repeated measures ANOVAs were performed to detect differences between food intake of different food types followed by Bonferroni pairwise comparisons (PB0.05).
Results
Fruiting season
Although the fruiting pattern was similar in both years, the rate and timing were different. In both years fruit began to ripen in May, but in 1999 most of the fruits were ripe in July, whereas in 2000 all fruits were ripe in June (Fig. 1A, B) . In 1999 fruits were found on trees into October, whereas in 2000 no fruits were found after mid-August. Ripe fruits in September -October 1999 were covered with fungi and probably were not eaten by birds.
Changes in emodin concentration during fruit ripening
The pattern of change in free emodin concentration in fruit pulp during the ripening process was similar in both years (Fig. 1C, D) . At the beginning of the season, when the fruits were red (unripe), emodin concentration was at a peak with values of 7.8% 92.8%( × 10 − 3 ) in 1999 and 3.2% 92.1%( ×10 − 3 ) in 2000. The concentration decreased during the ripening process, being lowest in black (ripe) fruits (2.5% 9 0.9%( ×10 − 3 ) in 1999 and 1.6% 9 1.5%(× 10 − 3 ) in 2000). A modest increase was detected toward the end of the fruiting season. In 1999 the highest variance between trees (CV= 49%) was found when the concentration was highest and decreased with the ripening process (CV=36%) to the lowest concentration (Fig. 1C) . In 2000 the variance between trees was high throughout the season, with CV=65% at the highest concentration, and CV=93% at the lowest (Fig. 1D) . The correlation of emodin concentration from the same trees between years was not significant either at the lowest concentration (r s =0.25, P= 0.52, n =9) or at the average concentration (r s = −0.033, P= 0.93, n =9).
Fruit removal
The final fruit removal in 1999 was 30.0% 9 9.6% and in 2000 was 45.3% 923.7% (Fig. 1E, F) . The variation among trees was higher in 2000 (CV= 32.1%) than in 1999 (CV= 52.3%). The highest removal rate was in the beginning of July 1999 and the middle of June 2000. In 1999 fruit removal was recorded until the end of September whereas in 2000 all fruits had been removed by mid-August. The correlation of fruit removal from the same trees between years was not significant (r s = 0.1, P= 0.8, n =8). Thus, trees with high fruit removal in one year did not necessarily have a high fruit removal in the next.
Among trees, we correlated three variables of emodin concentration in the pulp with fruit removal: the lowest emodin concentration that was measured during a season, the average concentration for the season, and the concentration for the month in which the removal rate was highest. We used final fruit removal as fruit removal metrics (Table 1) . In 1999 all correlations between fruit removal and emodin concentration in the pulp were negative, but none was significant (Table 1) . In 2000 the trend was positive for all correlations, with one significant correlation between the lowest emodin concentration and final fruit removal (r s =0.68, P= 0.03, n = 10). Thus, birds preferred trees with high emodin concentration in the pulp.
No significant correlation was found between fruit removal and pulp-to-seed ratio and water content in 1999. The same results were found in 2000 except for a positive trend between the highest monthly fruit removal and pulp-to-seed ratio (r s =0.62, P =0.054, n = 10).
Seed damage
In 1999, 10% -16% of fruits had damaged seeds and in 2000, 7% -18%. The damage pattern was different between the years. In 1999 the highest damage was detected at the beginning and at the end of the season, whereas in 2000 the highest damage was detected in the middle of the season (Fig. 2) . In both years the correlation was negative. In 1999 it was significant (r= −0.6, P =0.029, n = 13) but in 2000 it was not significant (r= −0.21, P=0.55, n =10). Thus, at least in 1999, trees with high emodin concentration in the pulp suffered lower seed damage.
Artificial fruit choice experiments
Bulbuls distinguished a 0.001% difference in emodin concentration, always preferring the food with the lower concentration (repeated measures ANOVA, F 5,55 = 48.43, PB 0.0001, Fig. 3A) . The higher the difference between emodin concentration in the food the sharper the discrimination (Fig. 3A) . The house sparrow showed a more limited ability to detect emodin. In foods that the bulbuls discriminated between (0.001%, 0.002%), the sparrows showed a non-significant tendency to prefer the lower concentration (repeated mea- Fig. 2 . Correlation between free emodin concentration in the pulp and fruits with damaged seeds, in the first fruiting month. In May 1999, n = 13, in May 2000, n =10. Fig. 3 . Artificial fruit choice trials in three combinations of two artificial fruit types differing in emodin concentration (% wet mass). The first set of combinations (control − 0.001%, control −0.002% and 0.001% -0.002%) was presented to bulbuls (A, n =12), and house sparrows (B, n = 12), and the second set (control −0.005%, control −0.01% and 0.005% -0.01%) was presented only to house sparrows (C, n = 11). red unripe fruits in the first month of fruit development and the lowest was found in ripe fruits during the next two months, when the removal rate was highest. Similar patterns of seasonal changes of phenolic secondary metabolites are reported in horticultural fruits. For example, the phenolic content of blackberries and raspberries increase in the first stages of development, then decrease (Mosel and Herrmann 1974) . The content of phenolic secondary metabolites in currants is lowest in ripe fruits with one exception, protocatechuic acid (Stohr and Herrmann 1975) . At the end of the season a modest increase in emodin was detected in buckthorn. This pattern was consistent between years and may be explained by breakdown of glycosides to aglicons.
Interestingly, trees with high emodin concentrations in one year did not necessarily have high concentrations the next, suggesting that emodin concentration in the fruit does not depend totally upon genetics but is also influenced by environmental conditions. Indeed, the concentration of secondary metabolites can change as a result of herbivory or water shortage (Harborne 1991 , Agrawal et al. 1999 . Furthermore, other fruit attributes, such as water content and pulp-to-seed ratio were not consistent between years.
The directed toxicity hypothesis
We found no support for the directed toxicity hypothesis. In contrast to its prediction, the bulbul, a seed disperser, avoided lower emodin concentrations than the house sparrow, a seed predator. One possible explanation for this finding is that the buckthorn and the bulbul, in contrast to the house sparrow, might not share a long evolutionary history that could shape their mutual adaptation, as buckthorn is a Mediterranean plant, whereas the bulbul is from Ethiopian-Sudanian origin (Shirihai 1996) .
The different responses of bulbuls and house sparrows to emodin might be explained by differences in response of their intestinal activity to anthraquinones. The influence of anthraquinones, such as emodin, on intestinal activity depends on the intestinal microflora of the organism, which reduces anthraquinones into anthrons, their active form (Dressen et al. 1981, Van Den Berg and Labadie 1988) . Some anthraquinones cause diarrhea in humans but not in rats and mice, presumably because they have a different microflora (Akao et al. 1996) . Thus, emodin might have a different effect on different bird species or feeding guilds (frugivores vs granivores), which may explain the different responses to emodin that we observed in bulbuls and house sparrows.
Empirical support for the directed toxicity hypothesis is rare and comes from contrasting mammals and birds, not from differences among bird species. Struempf et al. (1999) found that the cyanogenic glycoside amigdalin, a sures ANOVA, F 5,55 =2.33, P\0.05, Fig. 3B ). But sparrows did discriminate significantly between control and higher emodin concentrations (0.005%, 0.01%), always preferring the control over the emodin containing food (repeated measures ANOVA, F 5,50 = 26.55, PB 0.0001, Fig. 3C ). However, they did not discriminate significantly between 0.01% and 0.005% (Fig. 3C ).
Discussion
Changes in emodin concentration during the fruiting season
No previous study on wild fruits has followed the seasonal changes in secondary metabolites, although several studies have reported that the concentration of secondary metabolites in ripe wild fruits is lower than in unripe fruits (Sherburne 1972 , Abou-Chaar and Shamlian 1980 , Barnea et al. 1993 . In buckthorn, the highest emodin concentration in the pulp was found in OIKOS 99:2 (2002) compound toxic to some mammals, does not deter fruit consumption by cedar waxwing, a frugivorous bird. Tewksbury and Nebhan (2001) reported that capsaicin in wild peppers is directed in its toxicity toward mammals (seed predators). However, Cipollini and Levey (1997a) and Levey and Cipollini (1998) found no support for directed toxicity as three frugivorous species and two seed predators responded similarly and negatively to naturally occurring concentrations of glycoalkaloids in ripe Solanum fruits.
The attraction/repulsion hypothesis
Our artificial fruit choice trails demonstrated that the presence of emodin in the pulp of ripe fruits might be a disadvantage for the plant because bulbuls were able to distinguish between concentrations at natural levels and avoided even very low concentrations. However, the field results were contradictory to those found in the laboratory. No significant correlation was found between emodin concentration in the pulp and fruit removal in 1999. This result supports the attraction/repulsion hypothesis. In 2000, however, we detected a significant positive correlation: trees with high emodin concentrations were preferred over those with lower concentrations. This result rejects the attraction/repulsion hypothesis. How do we interpret these contrasting results? First, emodin is not the only secondary metabolite in the pulp. Other secondary metabolites may counteract its effect on birds. Second, natural relationships are complex and governed by many factors other than secondary metabolites. Furthermore, fruit removal of buckthorn was not affected by other fruit traits, such as pulp-to-seed ratio and water content (this study) and nutritional values (Izhaki, unpubl.) , indicating complex inter-factor interactions. Indeed, the net effect of emodin on birds is negative as observed in the controlled feeding experiments. When other factors and/or metabolites are involved, however, foraging behavior may change. For example, as fruit removal is also affected by the availability of other fruit species ripening concurrently in the area (Wheelwright 1985) , a general fruit shortage in 2000 might have caused an increment in consumption of buckthorn. The positive correlation between emodin concentration and fruit removal in the second year may therefore indicate that other factors govern fruit choice by birds and that the concentration of emodin was within the range of bird tolerance. Thus, our results only partially support the attraction/repulsion hypothesis.
Previous support for the attraction/repulsion hypothesis is indirect, based on interspecific, circumstantial evidence. Birds feeding on fruit with high concentrations of secondary metabolites spend only brief periods foraging and consume only a few fruits during each feeding bout (Barnea et al. 1993) . It remained unclear whether these short feeding bouts are a result of secondary metabolites or of other factors. Other circumstantial evidence for this hypothesis is the tendency of birds to suddenly switch fruit preference (Levey and Karasov 1989) , perhaps to avoid ingesting too much of one specific type of secondary metabolite Safriel 1989, Cipollini and Levey 1997a) . Likewise, Jordano (1988) found that fruit species rich in secondary metabolites frequently appear in the diet of frugivores but in low concentrations, suggesting minor ingestion of these species relative to higher consumption of fruit species that are poor in secondary metabolites.
The defense trade-off hypothesis
Buckhorn fruit ripen in the summer, a period in which insects are abundant (Herrera 1982) . Considering that buckthorn fruit have little physical protection, chemical protection is expected. A negative correlation (significant in the first year) was found between emodin concentration in the pulp and seed damage by invertebrates or microorganisms in early stages of fruit development. Thus, trees with high emodin concentration in the pulp suffered less seed damage than trees with lower concentrations. These results suggest that the presence of emodin in the pulp may protect the seeds from damaging agents. Combining this finding with the fact that removal rates were either not affected or positively affected by emodin concentration provides overall support for the defense trade-off hypothesis.
The negative association between emodin concentration and insect damage also might generate an indirect positive correlation between emodin concentration and fruit removal, as we found in 2000. Thus higher emodin concentration might cause a larger fruit crop size that was not damaged by pests and that was more attractive to the birds. Furthermore, higher emodin concentration causing lower infestation levels could increase fruit removal if frugivores forage preferentially on uninfested fruit and reject infested fruit (Valburg 1992 , García et al. 1999 ).
Conclusions
Our results should be viewed with caution because we analyzed only free emodin and emodin commonly occurs as glycoside as well. Also, emodin is only one secondary compound among many; synergistic or other chemical interactions with emodin are possible. Finally, the results of this study are based on only two years of fieldwork, surely not enough time to determine the degree of genetic versus environmental influence on emodin concentration.
To conclude, our results suggest that the presence of emodin in the pulp of Rhamnus alaternus fruit protects seeds in ripe fruits from damaging agents, such as insects or microorganisms, without reducing the total fruit removal by seed dispersal agents (although emodin has some deterrent effect on them). These findings support the microbe/pest specificity model, which states that negative effects of secondary metabolites should be stronger on microbial and invertebrate pests than on vertebrates, including dispersers (Cipollini 2000) . In addition, emodin appears to protect seeds in immature fruits from consumption by frugivorous birds. Thus, the results of this study support the concept that secondary metabolites in ripe fruits have an adaptive role. Because emodin appears in all parts of Rhamnus, including leaves, bark and seeds (Abou-Chaar and Shamlian 1980, unpubl.), we cannot clarify whether its original function was to shape the dispersal process or was a byproduct of protecting other parts of the plant from herbivorey (Eriksson and Ehrlén 1998) .
